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Abstract

A multi-component co-condensation model was proposed to clarify the formation mechanisms of silicide
nanoparticles in induction thermal plasmas. In Cr-Si and Co-Si systems, Si nuclei are produced and they
grow, subsequently the metal vapor condenses on the Si particles. In Mo-Si system, Si condenses on the
Mo particles produced earlier. Their composition shows a wide range. In Ti-S system, both vapors of S
and Ti simultaneously condense on the Si nuclei. The silicon content shows a narrow range.

1. Introduction

Induction therma plasmas (ITPs) have been utilized for materia processes such as nanoparticle
synthesis since they have several advantages such as high enthalpy, high chemical reactivity, variable
properties, large plasma volume, long residence/reaction time, and high quenching rate [1, 2]. Nowadays,
nanoparticles of disilicides are required in industrial fields because they provide high electrica
conductivity and heat/oxidation resistance. They are, therefore, expected to be applied for electromagnetic
shielding, solar control windows, VLSI electrodes, and so on.

The process of the synthesis is, however, a complicated phenomenon with many controlled parameters,
and it includes a co-condensation process with large or small vapor pressure differences of prepared species.
Although only a few studies and researches have been conducted concerning the synthesis of silicide
nanoparticles using I TPs up to the present [3], the formation mechanism of silicide nanoparticlesin ITPsis
still poorly understood. Therefore, investigation of the formation mechanism of silicide nanoparticles is
intensively important for the precise control of the particle size distributions and stoichiometric
compositions.

In the present study, numerical analysis is conducted for the synthesis of silicide nanoparticles in an
induction thermal plasma to clarify the formation mechanisms especially for chromium-silicon system,
cobalt-silicon system, molybdenum-silicon system, and titanium-silicon system. A multi-component
co-condensation model is proposed for the co-condensation processes in silicide nanoparticle formation.
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Fig. 1 Nanoparticle synthesis systems.



2. Numerical formulation

Figure 1 shows a schematic illustration of nanoparticle synthesis systems consisting of a plasma torch
and areaction chamber. A summary of the geometry and operating conditions is given in Table 1. Powders
of metals and silicon are supplied as the raw materials for silicides with the carrier gas from the central
nozzle. The supplied powders are assumed to be vaporized completely due to the high enthalpy of the
thermal plasma [3, 4]. The vapors of the metals and silicon are transported with the plasma flow to the
reaction chamber and become supersaturated due to the rapid temperature decrease there, which leads to
homogeneous nucleation. After homogeneous nucleation, the vapors of metals and silicon co-condense on
the nuclei. Silicide nanoparticles are consequently synthesized from the gas phase. The silicon content of
the feed powder is chosen to be 66.7 at% considered as the stoichiometric composition of disilicides.

2-11TP mode

The calculation are based on the following assumptions to derive the governing equations: (@)
steady-state laminar flow; (b) axial symmetry; (c) optically thin; (d) negligible viscous dissipation in
energy equation; (€) negligible displacement current in comparison with the conductive current; (f)
negligible flow-induced electric field; (g) identical temperature of heavy particles and electrons; (h)
negligible effects of metals and silicon on thermofluid fields or properties of a plasma.

The fields of flow, temperature and concentration in the induction thermal plasma flow were calculated
by solving the two-dimensional continuity, momentum, energy and species conservation equations coupled
with the Maxwell’s equations. The non-equilibrium effects by the ionization and recombination were taken
into account.

Continuity:
V-(pu)=0 (1)
Momentum:
pu-Vu=-Vp+Vr+JIxB 2
Energy:
A
pu-Vh:V-(—VhJ+J-E—q, 3)
CP
Species:
pu-VY =V-(pDVY)+R, (4)
Electromagnetic:
V°E - &0 %k _ 0 (5)
‘ot

The boundary conditions along the centerline were set to insure axial symmetry. At the wall of the
plasmatorch, no dip conditions are maintained for the velocity, and the concentrations have zero gradient.
The temperature at the inside wall of the plasma torch was calculated assuming that the outside wall was
maintained at 300 K by water cooling. The injection tube was assumed to be at 500 K. The outflow
boundary conditions at the torch were assumed that the gradient of the variables are zero. The sheath gas
has swirl velocity component. Each gas stream has constant axial velocity with zero radial velocity having
temperature at 300 K. Reaction kinetic rates of the dissociation and recombination as well as the ionization
were taken into account. The transport properties were estimated using higher-order approximation of
Chapman-Enskog method [5].

The governing conservation equations were solved using SIMPLER (Semi-Implicit Method for Pressure
Linked Equation Revised) algorithm [6]. The governing equations and the electric field intensity equation
with the associated boundary conditions were discretized into finite difference form using control-volume
technique. Non-uniform grid points 30 by 30 were used for radial and axial directions, respectively. Grids
were made finer close to the center and the coil region. Thermodynamic and transport properties were
calculated from the temperature and compositions at each position in the calculation domain at each
iteration step.



2-2 Multi-component co-condensation model

A one-dimensional multi-component model is proposed to clarify the formation mechanism of silicide
nanoparticles with the following assumptions: (a) spherical particles; (b) negligible particle inertia due to
the small size; (c) the same velocity of the condensing phase and the condensed phase as that of the plasma
gas; (d) the same temperature of the nanoparticles as that of the plasma gas; (€) negligible heat generation
caused by condensation; (f) the vapors of the metal and silicon considered as idea gases; (g) negligible
agglomeration among the nanoparticles; (h) atmospheric pressure in the systems.

Supersaturated vapor creates nuclei with the critical diameter by homogeneous nucleation [7],
subsequently vapors condense heterogeneously on the nuclei [8], which results in nanoparticle growth.

Homogeneous nucleation rate of the species i:

2 3
Ji — M z exp @i _ LZ (6)
12 27 27(InS,)
Critical diameter:
— 4O-ivmi (7)
pt g ,IInsS,
Particle growth rate by heterogeneous condensation:
d\d . 4 _
( pl)zzaﬁ pg D/(X]—X;) 1+Kl’ll . (8)
a 5 'd,p, ' 77|1+1.7Kn, +1.333Kn,

In Eq. (6), the normalized surface tension @ and the collision frequency function between a-mer and
b-mer [, canbewrittenas
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The concentration of the metal and silicon vaporsin the
reaction chamber is obtained from the conservation
equation written as

oc, _

Zio_G.
Py i (11)

The very fine computation grids are required for the
nanoparticle synthesis since the nucleation and
condensation processes have much smaller characteristic
times than the plasma flow. Thus the grids of the reaction
chamber (z=190-380 mm) are divided in 5,000 uniform
grids in z-direction for the nanoparticle synthesis. The
data obtained by the computation of the plasma such as
the temperature and the velocity are modified for the fine
grid system to caculate the rates of nucleation and
condensation.

3. Results and discussion

Figure 2 shows the thermofluid fields in the plasma
torch and the reaction chamber. The Joule heating by the
applied electromagnetic power generates the remarkably
high temperature zone (higher than 9,500 K) in and below

Fig.2 Temperature (Ieft), streamlines (right). the coil region. The high enthalpy of the plasma is
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Fig. 3 Axial evolution of vapor consumption rate:
(a) Cr-Si system, (b) Co-Si system, (c) Mo-Si system, and (d) Ti-Si system

transported to the downstream region by the convection. The characteristic recirculation flow exists above
the coil region since the radial Lorentz force induced in the plasma pinches the flow. In the reaction
chamber, the temperature decreases drastically to below 500 K. As the result, the high quenching rate
(10*-10° K s™) is obtained, which leads to considerable promotion of particle nucleation.

Figures 3 (a)-(d) show the axial evolutions of the vapor consumption rate. In Cr-Si system, silicon vapor
is consumed by the particle growth with homogeneous nucleation and heterogeneous condensation at the
more upstream position than chromium vapor. At the downstream position, the chromium vapor
consumption occurs by heterogeneous condensation on silicon particles. When chromium vapor condenses
on the silicon particles, chromium is considered to be well-mixed in the liquid silicon particles with the
particle growth since the temperature is higher than the melting temperature of silicon. Therefore, the
nanoparticles of chromium-silicides are well-synthesized. In Co-Si system, it shows the same tendency as
Cr-Si system. The cobalt vapor consumption by condensation occurs at the more upstream position
compared with Cr-Si system as shown in Fig. 3 () since the saturation pressure of cobalt is smaller than
that of chromium.

In Mo-Si system, molybdenum particles grow by homogeneous nucleation and heterogeneous
condensation, subsequently silicon vapor condenses on the molybdenum particles. The temperature of the
nanoparticle growth region is lower than the melting point of molybdenum. This indicates poor synthesis of
silicides, because molybdenum and silicon should be well-mixed to form silicides in the condensation
process. However, the stoichiometric compounds of molybdenum-silicides were observed in the
experimental study [3]. The nanoparticles are, therefore, considered to grow in a super-cooled liquid state
as the mixture of molybdenum and silicon even at the lower temperature than the melting point of
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Fig. 4 Particle size distribution and silicon content:
(a) Cr-Si system, (b) Co-Si system, (c) Mo-Si system, and (d) Ti-Si system

molybdenum by the high quenching rate at the tail of the induction thermal plasma

In Ti-Si system, silicon nucleates earlier than titanium. Immediately after the nucleation of silicon, the
vapors of silicon and titanium are simultaneously consumed by heterogeneous condensation. Silicon and
titanium are considered to be well-mixed in aliquid state in this co-condensation process since the particles
grow at the temperature higher than the melting points of titanium and silicon, which results in the better
synthesis of titanium-silicides.

Figures 4 (a)-(d) show the particle size distributions and the silicon contents finally obtained by the
present model for four systems. The number mean diameters are 13.3 nmin Cr-Si system, 12.8 nmin Co-Si
system, 85 nm in Mo-Si system, and 15.8 nm in Ti-Si system. Mo-Si system produces smaller
nanoparticles than the other systems due to the difference of the nucleus size. Molybdenum nucleates with
the smaller critical diameters from 0.59 to 1.94 nm, while the critical diameters of the silicon nuclel in
other systems show from 0.83 to 2.65 nm. Since a larger number of the smaller nuclei are produced in
Mo-Si system, a smaller amount of the vapors is consumed per one nucleus for the particle growth. As the
result, the obtained particle diametersin Mo-Si system show smaller than those in the other systems. In all
systems, the particle size distributions agree well with the experimental results[3].

The silicon contents show some ranges along with the particle diameters. Cr-Si system and Co-Si system
have a range 48.1-79.4 at% and 49.5-79.3 at%, respectively. Mo-Si system particularly has a wide range
40-94 at%. Only Ti-Si system has a narrow range 64-70 at%, which results in the more homogeneous
synthesis of the disilicide. These are determined by the balance of the contents of the formerly produced



Table2 Compositions estimated from Ref. [9]

System Main product Sub-product nuclei and the following condensing vapor.
: : : — This indicates that the silicide nanoparticles

Cr-Si CrSi CrsSis, CrS, S | synthesized in the induction thermal plasma

Co-Si CoSi; CoS, S provide  diverse  compositions.  The

Mo-S MoSi MOsSiz, S compositions of the products can be estimated

Ti-S TiSi TS, S from the obtained silicon contents by

comparing with the phase diagrams of silicides
100 [9] and summarized in Table 2. In al systems,

(particle size) the required disilicides are synthesized as the
7 smal Nucleation position main products, while the sub-products are
upstream ——>34 downstream synthesized as well, even though the powders
of the raw materials are supplied with the
large- - large stoichiometric compositions of the disilicides.
This is because the condensation positions are
large different due to the different vapor pressures of
Sma“I the materials. However, induction thermal

(Ti-Si) plasmas with the high enthalpy and the high
guenching rate are notably effective even for
the difficult co-condensation processes with

small = ¥ gmall the large vapor pressure differences. These

(particle size) (Co-S) (cr.si) results about the composition of the

- large synthesized silicide nanoparticles obtained

(Mo-Si) from the present model aso show good
a0 Covd v ovd v vl vl il agreements with the experiment [3].

10 10 10 10 10 10 10 Figure 5 is the correlation chart between the

] _psMetaJ /P () ) saturation pressure ratios and the silicon

Fig. 5 Correlation chart between saturation contents at the nucleation positions obtained

pressureratio and silicon content, from the present study. The larger particles

with silicon nuclei generated at the upstream

positions provide the larger silicon contents in Cr-Si system, Co-Si system, and Ti-Si system, while the

smaller particles with molybdenum nuclei generated at the downstream positions provide the larger silicon

contents in Mo-Si system. Furthermore, the silicon contents show the wide ranges when condensations of

metal and silicon occur at the different positions due to the largely different vapor pressures as shown in

Cr-Si system, Co-Si system, and Mo-Si system. The silicon content shows the particularly narrow range

when condensations of metal and silicon occur simultaneously as shown in Ti-Si system.

This chart indicates that processes including large difference of the saturation pressures between the
metal and silicon tend to produce silicide nanoparticles with wide range of composition. Conversely, the
composition of the nanoparticles can be evaluated from the ratio of the saturation pressures between the
metal and silicon. This chart can be used for prediction of composition in the co-condensation process.
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